We propose an optically and electrically switchable cholesteric liquid crystal (ChLC) cell doped with a pushpull azo dye. When the proposed ChLC cell is exposed to UV light, it is switched from the focal-conic to isotropic state by a cholesteric-isotropic phase transition through a trans-cis photo-isomerization of push-pull azo dye molecules. With removal of UV light, the ChLC cell will rapidly relax back to its initial state without exposure to a second light source that has a longer wavelength. We confirmed that the proposed optically and electrically switchable ChLC cell can be used as a smart window that can be switched on by applying sunlight or an electric field.
Introduction
Recently, photochemically-induced phase transitions have become technologically attractive and important because of their smart optical properties. [1] [2] [3] Photochromic compounds, such as azo dyes, spiropyran, and diarylethene, have been intensively studied as candidates for the direct photo-induced phase transition. It is well known that the conformational change between the trans and cis isomers of an azo dye can be applied to control the macroscopic molecular order. [4] [5] [6] [7] [8] [9] [10] [11] Liquid crystals (LCs) mixed with azo dyes undergo a signicant change in the order parameter as a result of trans-cis photo-isomerization, [12] [13] [14] [15] which lowers the clearing point of the LC mixture over the course of continuous UV exposure. Thus, LC devices can be switched optically by a nematic-isotropic phase transition.
Meanwhile, cholesteric LCs (ChLCs) are typically characterized by a helical structure, resulting in selective reection of the incident light in the planar state and scattering of the light in the focal conic state. Especially, switching between the focal conic and homeotropic states can be applied as a switchable reector for reective displays and light shutters. [16] [17] [18] Optically controllable ChLC devices can be fabricated simply by doping azo dye to LCs. 13 However, although the trans-cis isomerization is rapidly induced, the cis-trans isomerization typically takes tens of hours. To return to the initial state rapidly, a second light source with a longer wavelength is required that can induce the cis-trans photo-isomerization. Slow relaxation and the requirement of two light sources can make it difficult practical display or smart window application.
In this study, we propose an optically and electrically switchable ChLC cell doped with push-pull azo dye, which is known to speed up thermal relaxation. When the proposed ChLC cell is exposed to UV light, it is switched from the focal conic to the isotropic state by cholesteric-isotropic phase transition through trans-cis photoisomerization of push-pull azo dye molecules. With the UV light is removed, the ChLC cell rapidly relaxes back to its initial state. We have shown that the proposed ChLC cell can be optically switchable between the focal conic and isotropic states by sunlight, and electrically switchable between the focal conic and homeotropic states by applying a vertical electric eld. An optically and electrically switchable ChLC cell, which enables transition between the translucent and transparent states depending upon the ambient conditions, will be a promising approach for a smart window.
Experimental

Materials
We mixed LCs to set the switching temperature range, which depends on the clearing point of the LCs. Fig. 1 shows the chemical structure, clearing point, and percentage of LCs in the mixture used in this study. The LC mixture consists of four To overcome the slow cis-trans isomerization, we can use push-pull azo dye HABA (2-(4-hydroxyphenylazo)benzoic) acid which has been used to speed up thermal relaxation (Fig. 2) .
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Cell fabrication
The LC mixture was doped with chiral dopant S-811 and HABA by stirring continuously for 24 h at room temperature. In order to apply a vertical electric eld for electrical switching, the top and bottom substrates contain the transparent indium-tin-oxide electrodes. Indium-tin-oxide-coated glass substrates were subjected to several cleaning steps before the spin-coating process.
To obtain the ChLC cells with vertical anchoring at surfaces, we used polyimide SE-5662 (Nissan, Japan), which was spin-coated on each substrate. Spin coating was made at 3000 rpm, for 30 s. The coated substrates were pre-baked at 100 C for 10 min on a hot plate and annealed at 180 C for 1 h. The mixture was lled to a 20 mm-thick cell via capillary action at room temperature.
Measurements
The measurement of the clearing point was carried out using a Mettler FP82 hot-stage and a Mettler FP90 controller. The specular transmittance was measured using a spectrometer (MCPD 3000, Photal) covering from 380 to 780 nm. The fabricated ChLC cell was exposed to unpolarized UV light (365 nm) using a mercury arc lamp (Osram HBO 103 W/2). The electrooptical performance of the fabricated ChLC cell was measured using a haze meter (HM- 
Results and discussion
Optically and electrical switching of a ChLC cell
To conrm the use of the proposed ChLC cell as a switchable reector, we fabricated the ChLC cell with the initial focal conic state. The initial focal conic state can be obtained with sufficiently strong homeotropic anchoring. [22] [23] [24] The minimal helical pitch value for the homeotropic state can be expressed as
where d is the cell gap, and K 22 and K 33 are elastic constants for twist and bend deformations, respectively. If the pitch is larger than the threshold pitch P th , the chiral torque is too weak and the system is unable to twist, resulting in homeotropic alignment of LCs. When the pitch is smaller than P th , the chiral torque is sufficiently strong, and the initial focal conic state can be observed. Fig. 3 depicts the specular transmittances, haze values, and photographs of ChLC cells with vertical anchoring at surfaces as a function of the number of pitches. The number of pitches was varied by changing the chiral dopant concentration for a xed cell gap. As we expected from eqn (1), the homeotropic state can be obtained when the number of pitches is smaller than 2 because the calculated minimal helical pitch value for the homeotropic state is approximately 1 mm. As the number of pitches is increased, the specular transmittance decreases and the haze gradually increases. The measured haze value was saturated and we can hide the printed texts when the number of pitches reached 16, which was chosen as the initial focal conic state of the proposed ChLC cell.
We measured the clearing point of the LC mixture without chiral dopant as a function of the HABA concentration, as shown in Fig. 4(a) . Before UV irradiation, the clearing point does not change with the increase of HABA concentration. Once the mixture is irradiated by UV light and the trans-cis photoisomerization takes place, the bent shape of the cis-azo dye introduces molecular disorder in the mixture. 21 Thus, the clearing point is lowered. When exposed to UV light, the clearing point of the mixture (HABA 5 wt%) changed from 47 C to 38 C. It should be noted that the switching temperature of the proposed ChLC cell depends on the LC material. It is well known that LCs with a high molecular weight of chiral dopant can decrease the clearing point of the mixture.
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To investigate the switching temperature of the proposed ChLC cell, we fabricated a ChLC cell and measured the specular transmittance with and without UV irradiation as a function of Fig. 2 Trans-cis isomerization of push-pull azo dye HABA. temperature. The fabricated ChLC cell was exposed to unpolarized UV light (365 nm) with the intensity of 5 mW cm À2 .
Concentrations of azo dye and chiral dopant were 5 and 7.53 wt%, respectively. Fig. 4 (b) shows a plot of the variation in transmittance of the proposed ChLC cell with temperature. Without UV irradiation, the transmittance abruptly increased at approximately 44 C during the heating process. This temperature is close to the clearing point. The clearing point was decreased from 47 C to 44 C by doping a chiral dopant. With UV irradiation, the transmittance abruptly increased at approximately 29 C during the heating process. In other words, the phase transition of the LC mixture between the cholesteric and isotropic states can be controlled by UV light for temperatures ranging from 29 C to 44 C. We should note that the switching temperature range was also increased from 9 C to 15 C by doping chiral dopant. Although the switching temperature range of the proposed ChLC cell is currently rather narrow, we expect that the temperature range can be widened further by developing new azo dye materials.
To conrm optical switching, we fabricated the proposed ChLC cell by exposing to UV light with the intensity of 5 mW cm À2 . Fig. 5(a) shows changes in the specular transmittance of a ChLC cell fabricated by UV irradiation at 30 C. Before UV irradiation, the transmittance was kept at about 4%. The transmittance was increased by UV irradiation and thermally relaxed with removal of UV light. The transition took place in around 30 s. The transition from the isotropic to the focal conic state can be achieved without any external power or light because the proposed ChLC cell contains the push-pull azo dye which has the fast thermal relaxation property.
To conrm electrical switching, the total transmittance, specular transmittance, and haze of the fabricated ChLC cell as functions of the applied voltage are shown in Fig. 5(b) . In the initial focal conic state (opaque state), the measured total transmittance, specular transmittance, and haze of the fabricated ChLC cell were 65.2%, 18.1%, and 72.2%, respectively. Haze decreased gradually as the applied voltage increased to 18 V, but the haze increased at higher applied voltages. This increase in haze is caused by ion impurities that generate dynamic scattering. [25] [26] [27] [28] When the applied voltage was higher than 40 V, LCs were aligned homeotropically along the direction of the applied eld. In the homeotropic state, light scattering was minimized. The measured total transmittance, specular transmittance, and haze in the homeotropic state were 83.6%, 81.5%, and 2.5%, respectively.
ChLC cell for smart window applications
Although the proposed ChLC cell exhibits fast thermal relaxation, optical switching of the proposed ChLC cell is still much slower than electrical switching. Therefore, its main application can be a smart window rather than optical components requiring a fast response time. Its optical switching time is similar to other smart window devices, such as electrochromic, thermochromic, and photochromic devices. [29] [30] [31] A simple illustration of the proposed ChLC cell as a smart window is shown in Fig. 6 . In the initial translucent state, the incident light is scattered by LCs in the focal conic state as a result of the randomly oriented ChLCs. The optical switching mechanism is based on the change of the LC order parameter by the photoisomerization effect of push-pull azo dye. Under sunlight irradiation, the cell was switched from the focal conic to isotropic state by cholesteric-isotropic phase transition of the LCs triggered by trans-cis photo-isomerization of push-pull azo dye molecules. When the intensity of sunlight was low because of cloud cover or when there was little sunlight at sunset, the cell rapidly relaxed from the isotropic state back to its initial focal conic state. It can be switched from the translucent to transparent state by applying an electric eld, too. Under an applied vertical electric eld, the focal conic state is switched to the homeotropic state and the cell becomes transparent.
Photographs of the proposed smart window placed on printed texts in the focal conic, homeotropic, isotropic states are shown in Fig. 7(a) . In the focal conic state, the proposed smart window can scatter the incident light by the refractive index difference between LC domains. In the homeotropic and isotropic states, we can identify characters behind a panel clearly. The measured specular transmittances were 9.40%, 67.1%, and 66.9% in the focal conic, homeotropic, isotropic states, respectively. The optically-induced isotropic state showed nearly the same specular transmittance as the electrically-induced homeotropic state. Fig. 7(b) shows the results of an outdoor switching test performed under sunlight for an optically and electrically switchable smart window and a ChLC cell. The measured temperature of the fabricated cells was approximately 30 C when irradiated with sunlight. In the initial state, both cells were translucent and blocked the view. When exposed to sunlight, the cell doped with HABA became transparent and the background scene was clearly visible, whereas the typical ChLC cell was still translucent. As soon as we blocked the sunlight, the cell doped with HABA returned to its initial translucent state within 30 s. We should note that the transition between these states was achieved without any external power or signal.
Conclusions
An optically and electrically switchable ChLC cell doped with push-pull azo dye was demonstrated. The proposed ChLC cell is switchable between the focal conic and homeotropic states by applying an electric eld or between focal conic and isotropic states by UV irradiation. Its main application can be a smart window rather than optical components requiring a fast response time because optical switching of the proposed ChLC cell is much slower than electrical switching. Under sunlight irradiation, the proposed ChLC cell was switched from the translucent to the transparent state. When the intensity of sunlight was low because of cloud cover, or when there was little sunlight at sunset, the proposed ChLC cell rapidly relaxed without exposure to a second light source that had a longer wavelength. With such a proposed ChLC cell as a smart window, we could clearly see the outside through the window during the daytime, while blocking the view of the indoor area for privacy during the night without any external power or signal. Moreover, when the temperature is out of the sunlight-switchable temperature range, it can be switched between the translucent and transparent states by applying an electric eld. Fig. 6 Schematic representation of the proposed smart window using a push-pull azo dye. 
